Enterovirus 71 (EV71), the most recently described serotype of the genus Enterovirus (family Picornaviridae), causes a variety of neurological diseases, including aseptic meningitis, encephalitis, and poliomyelitis-like paralysis. This virus is also one of only a few enterovirus serotypes most often associated with large outbreaks of hand, foot, and mouth disease (HFMD) (14) . EV71 has caused outbreaks of severe neurological disease in Australia (12, 15) , Europe (2, 8, 22) , Asia (25, 29) , and the United States (1, 7, 9, 13, 26) . Most recently, EV71 was associated with fatal cases of brain stem encephalitis during large HFMD outbreaks in Malaysia in 1997 (19, 31) and in Taiwan in 1998 (4, 6) .
Like poliovirus, EV71 may display an affinity for anterior horn cells (8) , and it is the most common nonpolio enterovirus associated with poliomyelitis-like paralysis (20) . However, comparison of the complete genomic sequences of two EV71 strains to the polioviruses failed to reveal a genetic correlate for the neurovirulence associated with EV71 infection (3) . EV71 has been associated with severe central nervous system disease, with a case fatality rate of 0 to 6% (17) . During a large EV71 outbreak in Bulgaria in 1975 (705 reported cases), there were 149 cases of paralytic disease and 44 fatalities. Forty-five cases of EV71 infection were reported in the United States in 1987, including eight cases of paralysis and one fatality (1) , and virus circulation was widespread, with isolates reported in at least 17 states. EV71 is most closely related genetically to coxsackievirus A16 (CA16), the other common agent of HFMD, but CA16 rarely causes paralysis or death.
Despite the wide variation in clinical presentation, little is known about the range of EV71 genetic diversity, either within an outbreak or among epidemiologically unrelated strains, and the rate of EV71 evolution is also unknown. To investigate genetic variability and its association with outbreaks, we have determined the complete sequences of the VP1 gene for 113 EV71 strains isolated in 23 states in the United States and in five other countries. Analysis of the sequences defined multiple EV71 genotypes and allowed estimation of the rate of EV71 evolution.
(This information was presented, in part, at the Annual Meeting of the American Society for Virology, 8 July 1995, in Austin, Tex. [3a] .)
MATERIALS AND METHODS
Viruses. The 113 EV71 strains examined in this study are listed in Table 1 , with year and state or country of isolation and associated clinical symptoms, if known. The strains were isolated between 1970 and 1998 at the Centers for Disease Control and Prevention, Atlanta, Ga., in 25 different laboratories of state health departments in the United States, and in five national enterovirus laboratories in other countries. Viruses were isolated from original clinical specimens by using a variety of cell lines. Virus isolates sent to the Centers for Disease Control and Prevention were propagated in rhabdomyosarcoma cells prior to sequencing. Most isolates were typed by neutralization assay with monospecific rabbit anti-EV71 antiserum.
RT-PCR. Viral RNA was extracted from 200 l of cell culture supernatant with UltraSpec III (Biotecx, Houston, Tex.) and resuspended in 20 l of water or was extracted with the Qiamp viral RNA kit (Qiagen Inc., Valencia, Calif.). The primers used for reverse transcription-PCR (RT-PCR) and sequencing are listed in BrCr-CA-70  1970  California  Encephalitis  U22521  2228-NY-72  1972  New York  NA  AF135867  2604-AUS-74  1974  Australia  Meningitis  AF135883  2605-AUS-74  1974  Australia  Meningitis  AF135884  2608-AUS-74  1974  Australia  Meningitis  AF135885  2609-AUS-74  1974  Australia  Meningitis  AF135886  2610-AUS-74  1974  Australia  NA  AF135887  2229-NY-76  1976  New York  NA  AF135868  2230-NY-76  1976  New York  NA  AF135869  2231-NY-77  1977  New York  NA  AF135870 chemicals, Indianapolis, Ind.), 12 U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim), and 5 U of Taq polymerase (Boehringer Mannheim) in a total volume of 50 l. VP1-specific cDNA was synthesized by incubation of the reaction mixture for 30 min at 42°C and 3 min at 94°C, and it was amplified by 30 cycles of 94°C for 45 s, 42°C for 45 s, and 68°C for 1 min. DNA fragments used for sequencing were gel purified with the QIAquick gel extraction kit (Qiagen). Cycle sequencing was performed with the Prism Ready Reaction Dyedeoxy Terminator Cycle sequencing kit (Perkin-Elmer Corporation-Applied Biosystems, Foster City, Calif.). All sequences were determined on both strands. Sequence analysis. The assembled complete VP1 sequences were compared to one another with the GAP and PILEUP programs (11) . Phylogenetic trees were constructed by the neighbor-joining method with PHYLIP, version 3.5 (10) . Branch lengths were determined by the maximum-likelihood method implemented in Puzzle (28) . The reliability of the neighbor-joining tree was estimated by bootstrap analysis with 1,000 pseudoreplicate data sets. Previously sequenced EV71 strains BrCr-CA-70 and 7423-MS-87 were also included in the analyses. The VP1 sequence of the CA16 prototype strain, G-10 (24), was included in the phylogenetic analysis as an outgroup.
Estimation of genetic distance and evolutionary rate. Because of the lack of a true "founder" strain and the apparent presence of multiple lineages, sequences were selected based on their relationships, as depicted in Fig. 1 , in order to estimate the evolutionary rate. Genetic distances were calculated by pairwise comparison according to the Kimura two-parameter method of the Distances program (11), using the oldest strain in each set as a reference. Two separate analyses were performed, one for all three positions (representative of both synonymous and nonsynonymous substitutions) and a second analysis for only synonymous substitutions. The evolutionary rate was calculated by linear regression of the genetic distance from the oldest isolate versus year of isolation. The synonymous substitution rate was calculated from the number of nucleotide substitutions per synonymous site by using the computer program Diverge (11) based on a method by Li et al. (18) . The nonsynonymous rates, the numbers of nonsynonymous substitutions per nonsynonymous site, were less than 3 ϫ 10
Ϫ4
and were not included in the data.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper have been deposited in the GenBank sequence database under accession no. AF009522 to AF009559, AF135867 to AF135949, AF135911, AF135935, and AF135941 to AF135950. Genotypes B and C were further subdivided into clusters within each genotype, two for genotype B (Fig. 1B) and two for genotype C (Fig. 1C) . Cluster B1 contains strains from the United States and Australia that were isolated during the 1970s, as well as a few U.S. isolates from the 1980s (2114-TN-80, 5115-TX-83, 6762-OK-86, and 6910-OK-87). Strains in cluster B1 were more diverse than the B2 strains, differing by up to 9.5% within the cluster and by 6.9 to 11.1% from other genotype B strains. Cluster B2 contains strains isolated in the United States from 1981 to 1987, including most isolates from the 1987 nationwide EV71 outbreak. Strain 6658-COL-94 is genetically distinct from all other genotype B strains (5.8 to 11.1% difference) but differs from strains of genotype C by 15.5 to 17.2%. Strain 0731-MAA-97, a typical representative of many Sarawak, Malaysia, strains, is also distinct from other genotype B strains, differing by 6.5 to 10.5%, and it differs from genotype C strains by 17.1 to 18.3%. The oldest genotype C strains in our collection were isolated in the Republic of China in 1985 and Australia in 1986 (Fig. 1C) . Genotype C isolates differ from those of genotype B by 15.5 to 18.7%. Cluster C1 is composed of strains isolated in the United States and Australia from 1986 to 1995, as well as 1997 isolate from peninsular Malaysia. Cluster C2 is composed of U.S. and Australian strains isolated from 1995 to 1998. A 1985 isolate from the Republic of China appears to be intermediate to clusters C1 and C2. Viruses in cluster C1 differ from one another by 1.0 to 6.3% and from those in cluster C2 by 6.1 to 10.1%, while isolates in cluster C2 differ from one another by 0.7 to 1.1%.
Comparison of EV71 VP1 amino acid sequences.
Among all the EV71 isolates, 82% of the predicted VP1 amino acid residues are invariant (Fig. 2) . In comparison, the VP1 amino acids of echovirus 30 isolates are at least 88% identical. The EV71 prototype strain, BrCr-CA-70 (genotype A), is 94.2 to 96.0% identical in VP1 amino acid sequence to all other EV71 isolates. VP1 amino acid sequences of genotype B isolates are at least 97.9% identical to one another, whereas those of the genotype C isolates are 98.9% identical to one another. Residues 58, 184, 240, and 289 vary among different genotype groups but are invariant within a genotype group. At four other sites (residues 43, 124, 249, and 292), the predominant amino acid differs between genotypes B and C (Fig. 2) .
Estimation of the rate of EV71 evolution. For the calculation of evolution rates, monophyletic clusters that spanned a period of at least 10 years were identified ( Fig. 1 and Table 3 ). Within each cluster, one from genotype B and one from genotype C, the rate was calculated by plotting the number of nucleotide changes between each strain and the oldest strain in the lineage versus the year of isolation (data not shown). Synonymous and nonsynonymous changes were plotted separately for each of the two data sets. The slope of the linear regression line fitted to the data points is the calculated rate of evolution in substitutions per nucleotide per year. The overall evolutionary rates for all codon positions were 4.2 ϫ 10 Ϫ3 and 3.4 ϫ 10
Ϫ3
substitutions per nucleotide per year for the B and C genotypes, respectively. Approximately 93% of all substitutions in VP1 occurred in the third position, and 98% of all substitutions in the third position were synonymous, consistent with the very small number of amino acid changes observed among EV71 isolates. The synonymous substitution rates at the third position were 1.6 ϫ 10 Ϫ2 and 1.2 ϫ 10 Ϫ2 substitutions per nucleotide per year for the B and C genotypes, respectively (Table 3) .
DISCUSSION
Based on limited virologic surveillance data, the isolation of EV71 is relatively uncommon in the United States, accounting for fewer than 2% of all enterovirus isolates in all years from 1970 to 1998 except 1994 (5.4%) and 1997 (2.9%) (5, 27) . A seroepidemiological study conducted in New York in 1972 suggested that EV71 infection is relatively common, as 26% of the adults tested had antibody to the virus (9) . Therefore, severe disease appears to be a rare consequence of a relatively common infection, a general property of most enteroviruses (21) . There appears to be no correlation between the severity of disease and the genetic lineage of the virus isolated since viruses of all genotypes are capable of causing severe disease, as are viruses of multiple lineages within each genotype (Table  1 and Fig. 1 ). Malaysian isolates obtained from patients with uncomplicated HFMD and from fatal encephalitis cases in 1997 were virtually identical in the VP1 region. Preliminary studies indicate that EV71 strains isolated during a similar outbreak in Taiwan in 1998 (4, 6) were epidemiologically and genetically unrelated to those isolated in Malaysia in 1997. This observation also suggests that there is no obvious genetic correlation with clinical disease outbreaks or that viruses of many EV71 lineages may be capable of causing severe disease. However, since only the VP1 region was examined in this study, virulence determinants located elsewhere in the genome could be linked to many different VP1 genotypes via recombination. Further studies are needed, such as determinations of complete genome sequences of strains isolated from cases with a wide range of disease symptoms and severity, to determine whether other regions of the genome may correlate with severity of disease. We recognize that the isolates in this study may not be representative of all viruses in the population or in all countries. Furthermore, it is unknown whether the virus isolates in this study are representative of the virus quasispecies within an individual.
Phylogenetic analysis of complete VP1 sequences has identified three EV71 genotypes. The EV71 prototype strain, BrCr-CA-70, is the only example of genotype A that we identified, but members of genotypes B and C continue to circulate throughout the world. The apparent genetic separation of an isolate from Colombia (1994) and one from the Republic of China (1985) from their respective genotypes probably reflects the lack of additional strains from those countries and surrounding regions. Additional surveillance is required to ascertain whether strains similar to the Colombian isolate and the Chinese isolate continue to circulate and to further describe the genetic relationship of these viruses within their respective genotypes. Like -FIG. 2 . Alignment of genotype consensus VP1 amino acid sequences. The EV71 consensus sequence shows amino acid residues that are identical in at least 85% of all strains and those that are identical in at least 50% but less than 85% of all strains. Sites that are identical in all strains of all genotypes are double underlined; those that are identical in all strains of genotypes B and C, but different in BrCr-CA-70, are single underlined. The genotype consensus sequences indicate sites of at least 85% consensus among all strains of a given genotype (hyphens) and sites that are characteristic of one or more genotypes (uppercase letter, 85% consensus within genotype; lowercase letter, 50 to 85% consensus within genotype). wise, the lack of strict time ordering of the isolates and clusters shown in Fig. 1 could be the result of the absence of many truly genetically intermediate strains. Independent analysis of clusters B1 and C1 resulted in largely time-ordered lineages for the calculation of evolutionary rates. For example, U.S. and Australian strains isolated from 1995 to 1998 clustered closely together, indicating genetic and epidemiological linkages among those isolates, yet they were distinct from U.S. isolates from the period 1991 to 1994. The existence of two distinct clusters among the U.S. EV71 strains isolated since 1987 suggests the possibility that strains of genotype C have been introduced into the United States at least twice in the last 10 years.
The rate of EV71 evolution within a lineage was estimated to be 1.35 ϫ 10 Ϫ2 synonymous substitutions per nucleotide per year. This rate is similar to the rates calculated for other enteroviruses, such as poliovirus type 1 (3.36 ϫ 10 Ϫ2 substitutions per nucleotide per year) (16) and EV70 (2.2 ϫ 10 Ϫ2 substitutions per nucleotide per year) (30) . The factors potentially influencing enterovirus evolution rates include replicase fidelity, rate of transmission (number of replication cycles per year), the number of progeny virions produced per infecting virion, and any effects of synonymous mutations on RNA structure and function. These factors are difficult to measure individually and are generally observed only in aggregate, making it difficult to determine which are the most important determinants influencing enterovirus evolution.
The association of severe neurological disease, including deaths, with recent large outbreaks of EV71 HFMD in Malaysia (31) and Taiwan (4, 6) underscores the need to understand the pathogenesis and epidemiology of EV71. The availability of sequence data for a large number of EV71 isolates from different parts of the world will make it possible to develop sensitive and specific molecular reagents for the rapid identification of EV71 during epidemics of HFMD or other enteroviral diseases. Increased surveillance, coupled with improved laboratory diagnostic tools, will enable public health authorities to rapidly recognize an outbreak of EV71 disease and to implement measures to limit further virus transmission.
